The chemical structure of hydroxylated diphenylalkanes or bisphenols consists of two phenolic rings joined together through a bridging carbon. This class of endocrine disruptors that mimic estrogens is widely used in industay, particularly in plastics. Bisphenol F, bisphenol A, fluorinecontaining bisphenol A (bisphenol AF), and other diphenylalkanes were found to be estrogenic in a bioassay with MCF7 human breast cancer cells in culture (ESCREEN assay). Bisphenols promoted cell proliferation and increased the synthesis and secretion of cell type-specific proteins. 'When ranked by proliferaitive potency, the longer the alkl substituent at the bridging carbon, the lower the concentration neded for maximal cell yield; the most active compound contained two propyl chains at the bridging carbon. Bisphenols with two hydrox groups in the para position and an angular configurtion are suitable for appropriate hydrogen bonding to the acceptor site of the estrogen receptor. Our data suggest that estrogenicity is influenced not only by the length of the substituents at the bridging carbon but also by their nature. Because
diphenylalkane derivatives are widespread and their production and use are increasing potential exposure of humans to estrogenic bisphenols is becoming a significant issue. The hazardous effects of inadvertent exposure to bisphenol-releasing chemicals in professional workers and the general populations therefore deserve investigation. Key wordr. bisphenol A, bisphenol F, endocrine-disrupting chemicals, hydroxylated diphenylalanes, MCF7 breast cancer cells, xenoestrogens. Environ Health Peect 106:167-174 (1998). [ Online 5 February 1998] htap://ehpnetl.niehs.nih.gov/d,oes/l9981106p167-174perdabstract.html
There is increasing evidence that organic molecules of different chemical structures, with a variety of industrial applications, are acting on living organisms and disrupting their endocrine systems (1) . The chemical structure of one class of endocrine disruptors that mimic estrogens consists of two phenolic rings joined together through a bridging carbon. These diphenylalkanes have received the generic name bisphenols: bisphenol F (BPF) when the bridging carbon has no substituent, bisphenol A (BPA) when the bridging group contains two methyl groups, or bisphenol AF when the methyl groups of bisphenol A are perfluorinated (2) .
Diphenylalkanes are currently among the leading chemicals in plastics (3) , and BPA is a primary raw material for the production of polycarbonates, epoxy resins, phenolics resins, polyesters, and polyacrylates. Polycarbonates, which have become the most widely used material in engineered plastic, account for about 60% of total demand for BPA. In 1995, nearly 1.4 billion pounds (W700 x 106 kg) of this bisphenol were produced.
Epoxy resins, obtained by the reaction of bisphenols with epichlorohydrin, are the fundamental components of high commercial-quality polymer materials (4) . These very transparent resins display good mechanical resistance and conserve their form at a wide range of temperatures, permitting the production of sterilizable materials. Epoxy-based coatings are used in many applications including product finishing, marine finishing, decorative floor manufacture, breaking petroleum emulsions, structural steel coating, lacquer coatings in cans and other vessels used for foodstuffs, tank coating, can and drum linings, and floor varnishes. They are also employed in dental composites and sealants and used as additives for a variety of other plastic materials such as vinyl and acrylic resins and natural and synthetic rubber.
In 1909, L.H. Baekeland patented the first phenolic plastic, known as bakelite (3) . This material was produced by a reaction between phenol and formaldehyde which gives rise to BPF. Phenolic resins are produced by the copolymerization of simple phenols or bisphenols and formaldehyde. For In recent years we identified routes of human exposure to BPA. We first demonstrated the presence of estrogenic activity in canned foodstuffs and identified the estrogenic component BPA as a chemical leaching from the inner plastic coating (10) . BPA was present at concentrations ranging from 4 to 23 pg/can in both extracted foods and water from autoclaved cans. Subsequently, we demonstrated that the estrogenicity of some commercial composites and sealants used in dentistry was due to their BPA content. We found BPA and related compounds in saliva after standard dental treatments (11) . Recently, we proposed to determine whether epoxy resins and polycarbonates contribute to the inadvertent and unsuspected exposure of humans to estrogenic xenobiotics (12) .
As a follow-up of our previous work (10,11), we studied whether BPA-derived compounds with substitution of the hydroxy groups and the central carbon atom are estrogenic and tested the proliferative effect of BPA and structurally similar molecules commonly employed in plastic materials in MCF7 breast cancer cells. We also studied the potency of these compounds in inducing cell type-specific proteins (progesterone receptor and pS2) and their affinity to bind to the estrogen receptor extracted from immature rats.
Materials and Methods
Chemicals. 17p-estradiol (E2) and diethylstilbestrol (DES) were purchased from Sigma Chemical Co. (St. Louis, MO). Various diphenylalkanes with substituents at the central carbon or the hydroxy groups were either purchased or synthesized by one of us (M.M.) (see Table 1 Charcoal-dextran treatment of serum. Plasma-derived human serum was prepared from outdated plasma by adding calcium chloride to a final concentration of 30 mM to facilitate clot formation. Sex steroids were removed from serum by charcoaldextran stripping (13) . Briefly, a suspension of 5% charcoal (Norit A, Sigma Chemical Co) with 0.5% dextran T-70 (Pharmacia-LKB, Uppsala, Sweden) was prepared. Aliquots of the charcoal-dextran suspension of a volume similar to the serum aliquot to be processed were centrifuged at 1,000 x g for 10 min. Supernatants were aspirated and serum aliquots were mixed with the charcoal pellets. This charcoal-serum mixture was maintained in suspension by rolling at 6 cycles/min at 37°C for 1 hr. The suspension was centrifuged at 1,000 x g for 20 min, and the supernatant was then filtered through a 0.20 pim filter (Gelman Sciences, Ann Arbor, MI). Charcoal dextran-treated human serum (CDHuS) was stored at -20°C until needed.
Cell proliferation experiments. MCF7 cells were used in the E-SCREEN test of estrogenicity according to a technique slightly modified (14) from that originally described by Soto et al. (15) . Briefly, cells were trypsinized and plated in 24-well plates (Limbro, McLean, VA) at initial concentrations of 10,000 cells/well in 5% FBS in DME. Cells were allowed to attach for 24 hr; the seeding medium was then replaced with 10% CDHuS-supplemented phenol red-free DME. Different concentrations of the test compound were added, and the assay was stopped after 144 hr by removing medium from wells, fixing the cells, and staining them with sulforhodamine-B (SRB). The staining technique was modified from that described by Skehan et al. (16) . Figure 1 and Table 1 . PE was significantly different from 1 for all the compounds tested except for the ethoxylate
BisDMA BPACF E-BPA P-BPA BPA-EDA BADGE Bis-GMA At the end of the experiment, the medium was discarded and flasks were kept in liquid N2 until assayed. (Fig. 2) . Exposure of MCF7 cells to diphenylalkanes and related compounds resulted in a significant increase in PgR (Fig. 2) . With the exception of MM8, MM9, E-BPA, P-BPA, and Bis-GMA, all other chemicals tested increased the levels of the PgR to a degree similar to that found with the natural estrogen. However, the concentration needed for maximal effect ranged from 0.1 pM for MM5, the most active compound, to 10 pM for the others. A good statistical correlation was found between the ability of these chemicals to induce PgR and to increase MCF7 cell yields in the proliferation bioassay (r = 0.908). With the exception of BADGE, which showed the poorest proliferative effect and was unable to induce PgR at the maximal concentration tested (10 PM), all other chemicals that induced PgR were also effective in the proliferation bioassay. In addition, the induction of PgR for MM8 and MM9 was not maximal although they were full agonists for proliferation.
pS2 Secretion. pS2 Secretion by MCF7 cells was significantly increased by concentrations .0.1 nM E2 (=3.5-fold increase over controls). The basal concentration of pS2 (53.6 ± 8.7 ng/106 cells) increased to 179.4 ± 13.1 ng/106 cells after treatment with 1 nM E2 (Fig. 3) . Exposure of MCF7 cells for 144 hr to various diphenylalkanes resulted in a significant increase in secreted pS2 (Fig. 3) . A good statistical correlation was found between the ability of these chemicals to induce pS2 and to increase MCF7 cell yields in the proliferation bioassay (r = 0.809). Both E-BPA and P-BPA, as well as bis-GMA and BADGE, were ineffective in the induction and secretion of pS2. BPA-EDA was fully inductory for pS2 and partially for PgR and cell proliferation.
Relative binding affinities. Relative binding affinities (RBA) for ER of diphenylalkanes ranged from 1 (MM7) to 0.0005 (BPA-EDA) ( Fig. 4; Table 1 ). As suspected, E-BPA, P-BPA, and Bis-GMA showed no affinity for binding to the ER, even at concentrations 1 million-fold higher than those of E2. A good relationship was found between the RBA estimated in the uterine cytosol assay and the proliferative potencies of each compound using the MCF7 breast cancer cell proliferation Figure 3 . Accumulation of pS2 in culture medium. MCF7 cells were grown in 10% charcoal dextran-treated human serum-supplemented medium and exposed for 144 hr to 10-10 (-10), 10-9 (-9), and 10-8 (-8) M E2. Parallel cultures were exposed to 10-7 (-7), (7), who showed the propylpropyl derivative, within a wide series of 4,4'-dihydroxydiphenylmethane derivatives, as the most potent estrogenic compound in vivo, when using the uterine test. Dodds and Lawson (6) were the first to note that the phenanthrene condensed-ring structure was not necessary for estrogenic activity. Recently, by studying correspondence factor analysis to structure-activity relationships, Gilbert et al. (17) suggested that, in the diphenylalkanes, both phenyl rings are needed to display substantial proliferative activity in MCF7 cells and that the phenyl groups should be separated by at least a single carbon or preferably by two carbons. However, the estrogenicity of some alkylphenols bearing only one phenyl ring was demonstrated some years ago by Soto et al. (18) , who showed that alkylphenols with at least a three-carbon alkyl chain in the para position had a proliferative effect on MCF7 cells (19) . Soto and coworkers (19) also showed that fused rings such as naphthols are not estrogenic, despite being an integral part of the A and B ring of natural steroids and that some polychlorinated biphenyls promoted proliferation in MCF7 cells.
Among factors that make a molecule estrogenic, Leclercq (20) the estrogenicity in vivo of Bis-GMA using the uterotropic assay. Lewis et al. (23) postulated that two hydroxy groups of E2 take part in binding to the acceptor site of the estrogen receptor by hydrogen bonding. Various diphenylalkanes with two hydroxyl groups but different substituents at the central carbon atom that cause different angular configuration were tested in our study. In view of the structural similarities of the molecules assayed, we performed a computer-based study of the structure-function relationships. Although this could be a useful alternative, current knowledge does not allow the estrogenic effect of xenobiotics to be dependably predicted on the basis of structural data. Nevertheless, the combination of biological assays and structural analyses allows us to draw some preliminary conclusions (24, 25) .
Our experimental data suggested that not only the distance between parahydroxy groups but also the nature of the bridging carbon substituents may determine estrogenicity. Among the MM compounds, for example, MM8 [bis(4-hydroxyphenyl)ketone] is more polar than the other compounds because of its carbonyl group; this compound showed the poorest proliferative effect, which implies that a lower polarity enhances estrogenicity. No single structural feature seems to define estrogenic activity; as proposed by Gilbert et al. (17) , hydrophobic volume together with hydroxy groups and conjugation with basic groups are involved in the triggering of cell proliferation.
The introduction of methyl groups in the meta position of the aromatic ring, i.e., MM6, did not modify estrogenicity. This suggests that the effect of methyl substituents in bisphenols is not comparable to the dramatic reduction of estrogenicity caused by the introduction of methyl groups into 2-and 4-position of the Aring of E2 (26) .
The estrogenicity of bisphenol polymers may be due to their nonpolymerized monomers or by chemical degradation. Polycarbonates and epoxy resins can be mechanically and thermally degraded, and these are major problems in their application (27) . Scrap polycarbonate resins can be depolymerized by heating in an alkaline milieu to generate BPA (28) . In fact, BPA was released from polycarbonate flasks (9) and resin-coated food cans and containers (10, 29) during autoclaving and from incompletly cured resins (11) . Our results suggest that BADGE, a monomer of epoxy resins, becomes estrogenic at a high concentration (10 pM), even before hydrolytic treatment. BADGE and BPF diglycidyl ether (BFDGE) have short half-lifes (less than 2 days) in acidic media, and half-life decreases further with increasing temperature (30) . These findings suggest that the biological activity of by-products of BADGE and BFDGE should be considered when toxicity of the parent compounds is being assessed.
Litde is known about the metabolism of BPA polymers or BPA itself in animals. More attention has been paid to epoxy compounds because of their alkylating properties (31) (32) (33) (34) Recently, valuable information about genetic differences in suceptibility to BPA (39) , effects on new BPA-target organs beyond the obvious ones of breast and uterus, and effects on the prostate of the developing fetus (40) indicate that BPA appears to be more estrogenic in vivo than predicted in in vitro assays (41, 42) .
In summary, experimental data suggest that thermal, chemical, and enzymatic degradation of diphenylalkanes is a frequent event. Unpolymerized and degraded BPF-, BPA-, and bisphenol AF-based polymers represent a source of biologically active monomers. Because diphenylalkane derivatives are widespread and their production is increasing, potential exposure to estrogenic diphenylalkanes both in the workplace and the home environment is becoming a significant issue. The hazardous effects of continuous exposure to bisphenol-releasing chemicals in exposed workers and in general populations demand investigation. We need to know to what extent human populations are exposed to bisphenols, how much is absorbed daily, how these compounds behave inside the human body, how they are metabolized, and what effects they have on human health. Meanwhile, diphenyalkanes should be regarded as estrogenic xenobiotics, and measures against inadvertent exposure should be implemented.
